Abstract We evaluate the relative impact of petroleum spill and storm surge on near-shore wetland loss by quantifying the lateral movement of coastal shores in upper Barataria Bay, Louisiana (USA), between June 2009 and October 2012, a study period that extends from the year prior to the Deepwater Horizon spill to 2.5 years following the spill. We document a distinctly different pattern of shoreline loss in the 2 years following the spill, both from that observed in the year prior to the spill, during which there was no major cyclonic storm, and from change related to Hurricane Isaac, which made landfall in August 2012. Shoreline erosion following oiling was far more spatially extensive and included loss in areas protected from wave-induced erosion. We conclude that petroleum exposure can substantially increase shoreline recession particularly in areas protected from storm-induced degradation and disproportionally alters small oil-exposed barrier islands relative to natural erosion.
Introduction
Ten percent of the world's population lives in low elevation coastal zones, primarily in heavily populated deltas [McGranahan et al., 2007] where land loss threatens valuable coastal ecosystem services like flood protection and erosion control [Barbier et al., 2011] . The Mississippi River Delta (MRD) ranks as one of the most flood-endangered deltas in the world [Tessler et al., 2015] . As is the case globally, upriver damming is the main engineered intervention leading to sediment deficit in the MRD delta [Syvitski et al., 2009; Giosan et al., 2014; Tessler et al., 2015 , but other factors compound this primary cause to influence wetland loss [Kirwan and Megonigal, 2013] . For example, the beleaguered state of the MRD derives partly from accelerated extraction of fluids in oil and gas production between 1945 and 1968, which was directly associated with elevated subsidence that manifested in high deltaic marsh loss [Morton and Bernier, 2010; Kolker et al., 2011] . Following decline in production starting around 1970, subsidence and deltaic wetland loss returned to pre-mid1960s levels by the mid-1990s [Morton and Bernier, 2010] . The MRD's recent history and its present-day submergence rates make it an exemplar for the conditions that most other coastal deltas could reach within the 21st century [Day et al., 2007] . Like most coastal deltas [Syvitski et al., 2009; Giosan et al., 2014; Tessler et al., 2015] , the MRD is trapped in a positive feedback loop where the combination of sea-level rise, sediment starvation, subsidence, reduced organic soil accretion, and man-made landscape modifications leads to continued submergence and erosion of coastal wetlands [Blum and Roberts, 2009; Day et al., 2011 Day et al., , 2014 .
In the MRD direct causes of the ongoing wetland loss can be aggregated into three physical actions: loss of sediment input to marshes due to river damming and leveeing; relative sea-level rise, both eustatic and subsidence-driven; and wave erosion [Syvitski et al., 2009; Blum and Roberts, 2009; Penland and Ramsey, 1990; Day et al., 2000] . Lateral retreat of shorelines is estimated to account for 25% of wetland losses in Louisiana [Wilson and Allison, 2008] . In marshes occupying interior embayments of the MRD, shoreline recession has historically been primarily attributed to wave erosion, particularly along shorelines exposed to longer fetch and predominant directions of wave approach [Wilson and Allison, 2008] .
Upper Barataria Bay, the site of the heaviest Deepwater Horizon (DWH) oiling, had widespread oiling along many of its marsh margins (Figure 1 ). Oiling of vegetation and soil has been documented previously along shorelines and in some inshore locations in this area [Kokaly et al., 2013; Ramsey et al., 2014; Peterson et al., 2015] , and some of the oiled shorelines were later subject to remediation treatment [Zengel and Michel, 2013; Zengel et al., 2015] . Because shoreline stability directly influences the adjacent interior marsh status [Knutson, 1987] , the widespread and often severe impact of oil on the near-shore marshes in southeastern Louisiana raised concern that oil contamination and the subsequent remediation activities could intensify RANGOONWALA ET AL.
MRD SHORELINE RECESSION 1 shoreline retreat and marsh degradation and loss [Pezeshki and DeLaune, 2015] . Heightening that concern is the common occurrence of intense cyclones that have been observed to increase wave heights up to 2 m in coastal bays, greatly aggravating shoreline erosion [Wilson and Allison, 2008] , particularly in the absence of healthy root structure [Knutson, 1987] . Petroleum has been observed to decrease belowground biomass [Lin et al., 2002] and weaken soil [McClenachan et al., 2013] in salt marshes. Heavily oiled marshes in upper Barataria Bay showed reduced biomass, lower soil shear strength, and higher erosion rates 3.5 years after exposure [Lin et al., 2016] . Residual petroleum is documented to cause decreased above and belowground biomass in Spartina alterniflora marshes for up to four decades following exposure [Culbertson et al., 2008] .
Here we report the results of an analysis of shoreline loss across nearly the entire upper Barataria Bay area (Figure 1 ) starting from a year before the spill and extending for 2.5 years following the spill and include a comparison between loss from storm-induced erosion relative to that linked to shoreline oiling. Previous ground-based studies have measured shoreline loss at three oil-impacted sites in upper Barataria Bay [Silliman et al., 2012] and along a stretch of the shoreline in Bay Batiste bordering an inland marsh [McClenachan et al., 2013] , both with coverage too limited to show embayment-wide trends. In the earlier studies, loss was observed during 1 to 2 years following the spill but gave no baseline information about loss prior to the spill. This study addresses both those limitations.
Data and Study Area
The study uses synthetic aperture radar (SAR) data acquired by the Uninhabited Aerial Vehicle Synthetic Aperture Radar (UAVSAR) [Fore et al., 2015] between 2009 and 2012 to quantify land loss along the marsh edge in upper Barataria Bay (Figure 1 ). This is a unique data set with which to evaluate the relative characteristics of shoreline recession (1) during a year without major storm or oil spill; (2) during the 2 years following the DWH spill, starting from the time of first oiling; and (3) during a short period bracketing a direct hit by hurricane. The embayment 
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occupies a relic subdelta between the current-day Belize and former LaFourche deltaic lobes [Saucier, 1963] and experienced relatively little interior land loss during 1932-2010 despite high loss in the Barataria Basin to the southeast, west, and north [Couvillion et al., 2011] . Isolated from the sediment influx normal to an active natural delta, shorelines in the area are erosional with no noticeable or documented shoreline progradation [Wilson and Allison, 2008] . Land in the study site is exposed to incoming waves from the Gulf of Mexico through lower Barataria Bay and composed of small islands and the seaward edge of interior marshlands. Low, relatively flat, fairly uniform salt marsh platforms, primarily Spartina alterniflora, lie between natural levee ridges. The general description of shoreline morphology is that shore-normal profiles display a vertical scarp 30 to 50 cm high at the marsh edge with exponential profile for 50 m offshore, transitioning to a shallow offshore mudflat slope reaching 1.0 to 1.5 m depth at least 300 m offshore [Wilson and Allison, 2008] . Eroded sediment is primarily deposited on the subaqueous shelf in the shallow sloping section or moved onto the platforms to maintain the natural levee ridges [Wilson and Allison, 2008] . Table S1 ). The DWH spill started on 20 April 2010, and oil was transported into northern Barataria Bay first in mid-May 2010 and again in early June, prior to the 2010 UAVSAR acquisition [Ramsey et al., 2011] . Spectral and oil fingerprinting analyses confirmed that oil persisted on the shorelines for at least a year [Ramsey et al., 2014; Peterson et al., 2015] .
All summer acquisitions were at near-annual dates, and the 2010, 2011, and 2012 collections were timed to low-tide conditions to match phenology and water levels (supporting information Table S1 ). Water levels were obtained from Coastwide Reference Monitoring System (CRMS) hydrology stations located within the marsh platform or in an interior marsh tidal channel ( Figure 1 ) and used to approximate the water levels within upper Barataria Bay. Except for shallow surface flooding in 2009 and October 2012, water levels at the time of imaging were below the marsh platform soil level (supporting information Table S1 ) and above the base of the 30-50 cm high scarp at the marsh edge, so mud flats were generally not exposed. The last acquisition occurred 1.5 months after Hurricane Isaac made landfall twice in the vicinity of Barataria Bay on 29 August 2012 (0000 UTC, 0800 UTC) [Berg, 2013] . Although this was only a category 1 storm, the long dwell time over this part of the MRD intensified its impact to the area. During the hurricane, water levels reached 1.7 m (datum mean lower low water) at the entrance to Barataria Bay and remained above 0.75 m for 30 h (Grand Isle, NOAA station 876172). Mean high water is 0.4 m at this location.
Analysis
The shoreline mapping and change detection was based on UAVSAR line ID gulfco_32017 horizontaltransmit, horizontal-receive polarization single-look complex intensity data [UAVSAR Documents, 2015; Fore et al., 2015] , which were multilooked by a factor of 4 in the along-track direction to create~2 m × 2 m image pixels. Creation of shoreline vectors involved first sharpening the edge contrast and then separating the pixels into land and water classes. The land-water edge sharpening was performed by application twice of a Touzi filter [Touzi et al., 1988; Lopes et al., 1993] to the 2009 to 2011 images and a Touzi followed by a Frost filter [Leeuw and Tavares de Carvalho, 2009] filter to the 2012 images. A simple threshold was used to separate the filtered images into land and water classes (supporting information Figure S2 ). Image geocoding and registration were done after land/water classification to minimize resampling errors. Polygon vectors of the land-water boundaries were created using PCI Geomatica®. Vectors associated with interior wetlands, lakes, and channels were removed using ArcGIS, and the remaining shoreline vectors smoothed using the PCI Geomatica® procedure. The shoreline mapping accuracy was estimated to be ±2 m by using the USGS Digital Shoreline Analysis System (DSAS) [Thieler et al., 2009; Ford, 2013] to calculate the shoreline location offsets between the SAR-derived map and a photointerpreted high spatial resolution orthophoto taken within a few months of the SAR image (e.g., supporting information Figure S2 ). The offset analyses incorporated shoreline sections of various complexities from multiple years, but not all UAVSAR images had orthophotos acquired in near temporal proximity and the orthophotos were not tidal matched. The DSAS was applied to the SAR images at 10 m alongshore sample spacing to compute the change in shoreline positions between UAVSAR acquisitions. Comparison of shoreline change magnitudes and directions found that shallow flooding in June 2009 and October 2012 did not measurably affect SAR-derived shorelines.
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The modal distribution of the 2009-2010 shoreline change (supporting information Figure S3 ) indicated little difference in the distributions of negative and positive values, with zero mean and 2.8 m standard deviation (supporting information Table S2 ). Given the expectation that the shoreline in the study area is not prograding, the 2009-2010 negative distribution reflects the aggregated contributions to the mapping error related to spatial resolution, mapping technique, and contrast. This is the negative side of a Gaussian distribution with a tail, 
Results
The annual summer acquisitions were used to baseline shoreline change during a period without major storm or spill (2009) (2010) and to quantify shoreline change during the 2 years following the Deepwater Horizon spill (2010) (2011) (2012) . The shoreline recession between July and October 2012 was used to measure storm surge impact from Hurricane Isaac. Figure 2 shows the spatial distribution of receding shorelines in the study area for the time intervals between each of the UAVSAR acquisitions. Both it and the histograms and statistical moments of the shoreline change (supporting information Figure S4 and Table S2) show that the shoreline stability observed in 2009-2010 dramatically changed after the spill. Figure 2a shows that change from June 2009 to June 2010 occurred at a limited number of isolated shoreline sections. In contrast, shoreline recession immediately following the spill, from June 2010 to June 2011 (Figure 2b ), was widespread and affected almost all shorelines lining the interior bays and islands of the study area. For 2 years following the spill the statistical distributions were nearly Gaussian with a nonzero mean and with more instances of high shoreline recession (positive tail) (supporting information Figures S4b and S4c) . Loss was spatially aligned, and in some areas particularly high, along or adjacent to the shorelines classified as receiving heavy or moderate oiling during the spill (e.g., Figures 3a  and 3b ). Spatially extensive shoreline loss continued in this area between June 2011 and July 2012 (Figure 2c ), but with decreasing loss in the more interior areas (e.g., Figure 3a) ; continued high loss along shores most exposed to incoming waves (e.g., Figure 3b) ; and an increase in loss on the protected side of the bay islands along or near shorelines that received heavy oiling, namely, Dragon Island and the small 
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islands to the north (e.g., Figures 3c and 3d ). Land loss in some cases caused fragmentation or near loss of islands in whole or part, particularly along narrow geomorphic features (e.g., Stingray Island, supporting information Figure S1 ). Although oil remediation treatment could have affected erosion rates, we observe shoreline recession along both treated and untreated shores. Figures 3a, 3c , 3d, and 3f show areas reported as untreated [Zengel and Michel, 2013; Zengel et al., 2015] and Figures 3b and 3e those reported as treated areas [Zengel and Michel, 2013] . The changes between June 2009 and July 2012 occurred during a time when no tropical storms or hurricanes made landfall in the study area, with the closest significant storm activity being Tropical Storm Lee, which made landfall 250 km to the west in September 2011.
The postspill shoreline recession was distinctly different from what occurred during the 3.75 month period spanning pre-to-post Hurricane Isaac (Figure 2d ). During this period, shoreline recession was much larger in magnitude than in the 2 years prior (e.g., Figures 3e and 3f) 2009 -2012 July 2012 -October 2012 and (b) by amount of oil to which the shoreline was exposed for postspill years.
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2d) show the spatially dispersed and localized shoreline erosion in areas that face south-southwest and are subject to the highest wave energy. Many sites showed recession of >12 m from cyclonic storm surge, and the areas outlined by white ovals in Figures 2a-2d show the spatial overlap between the pattern of loss from episodic heavy waves and the persistent loss from low-wave activity. This pattern identifies shorelines predisposed to rapid erosion as a consequence of their position in the landscape, a condition that has been observed in this area previously [Wilson and Allison, 2008; Silliman et al., 2012] .
Discussion
The analysis showed that shoreline recession changed following the spill in the spatial pattern of shores affected, the length of shoreline impacted, and in the amount of recession that occurred along the shorelines. The length of shoreline experiencing recession in each time period, separated by amount of recession experienced and by Shoreline Cleanup Assessment Techniques (SCAT) oiling categories for the two postspill years, is shown in Figure 4 . Progressive and extensive shoreline loss occurred during the 2 years following the spill, in contrast to the spatially limited shoreline loss both in the baseline year prior to the spill and in 2012 from heavy wave action that occurred during Hurricane Isaac. Figure 4a and supporting information Table S3 show that the extent of shoreline experiencing recession increased fourfold in the first year after the spill, with the majority of the increase along shorelines experiencing 4-8 m of recession, although all categories of recession more than doubled in extent of shoreline affected. The extent of recessing shores continued to be high in the second year following the spill but was less than the first year for all but the >12 m recession category. Figure 4b shows the strong correlation between amount of oiling experienced by a shoreline and its likelihood of experiencing recession, a pattern that holds for the first 2 years postspill and shows that recession occurred soonest after the spill along the more heavily oiled shores and had delayed onset along more lightly oiled shores.
In contrast, storm surge from Hurricane Isaac primarily affected the amount of recession experienced by shores exposed to incoming waves, with a dramatic increase in length of shores experiencing recession amounts >12 m (Figure 4a ), a 2.5-fold increase over the levels in the two prior annual periods, in a span of less than 4 months. The storm had less effect on the length of shoreline impacted ( Figure 4a ) and little alteration of the spatial distribution of loss relative to the baseline year (Figures 2a and 2d ). Shoreline loss from the storm largely followed the pattern of limited exposure observed between June 2009 and June 2010 when the area had neither major storm nor toxic exposure (white ovals, Figure 2 ). The time interval covering the storm was only 3.75 months, so part of the recession could have been a continuation of the oil-impact loss; however, the two effects cannot be disentangled. The trends suggest that this would affect mostly the lower recession categories.
Our measurements are consistent with previous observations that shoreline erosion was not immediate but progressively increased in the year following the spill [Silliman et al., 2012] . The irregularity observed in postspill Bay Batiste shoreline by McClenachan et al. [2013] is consistent with our measured low-to-moderate shoreline recession along the Bay Batiste shoreline and is supported by the work of Leonardi and Fagherazzi [2015] linking a jagged marsh shoreline with low-energy wave power.
The results of this study are unique in showing that the patterns of shoreline recession, rather than the shoreline recession at a particular location, are directly relatable to distinctly different causes, and in this case indicate a causal link to oiling from the Deepwater Horizon spill. Widespread shoreline erosion that generally followed the pattern of oiling occurred throughout the area, with shorelines that were both heavily oiled and exposed to higher wave energy eroding first, then the erosion extending to areas subjected to less physical erosion and less severe oiling during the second year following the spill. This pattern disproportionally impacts the small islands protecting the inland marshes, which were eroded from all sides and lost the entire marsh platform along some narrow sections (e.g., Figure 3e ). The documented impact of the Deepwater Horizon spill on wetland morphology include increased shoreline recession and wetland fragmentation, which in this sediment-starved area are conditions under which reestablishment of marshland is unlikely because of inundation or loss of elevation [Day et al., 2011] , change in soil cohesion [Culbertson et al., 2008; Lin et al., 2016] , and reduced sediment capture [Mudd et al., 2010] .
We conclude that toxic spills can substantially increase shoreline loss, including in areas protected from storm-induced degradation, thereby rapidly altering the natural coastal defenses against flooding. In the MRD the contribution of petroleum spills to loss of coastal protection can be large and long lasting and is
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not well predicted by loss from wave-induced erosion either from episodic cyclonic storm or continuous tidal action. Although shoreline recession rates associated with oil impact are not as high as seen following a hurricane, the loss is sustained for a longer time and is not accompanied by the mitigating benefits that accompany storms [Miner et al., 2009] . The reported results provide a larger-scale view of the land loss and add to the existing body of evidence that oil spills are potentially major anthropogenic contributors to loss of coastal and deltaic wetlands worldwide.
